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03046 Cottbus, Germany
*S Supporting Information
ABSTRACT: A NaF/KF postdeposition treatment (PDT) has
recently been employed to achieve new record eﬃciencies of
Cu(In,Ga)Se2 (CIGSe) thin ﬁlm solar cells. We have used a
combination of depth-dependent soft and hard X-ray photo-
electron spectroscopy as well as soft X-ray absorption and
emission spectroscopy to gain detailed insight into the chemical
structure of the CIGSe surface and how it is changed by
diﬀerent PDTs. Alkali-free CIGSe, NaF-PDT CIGSe, and NaF/
KF-PDT CIGSe absorbers grown by low-temperature
coevaporation have been interrogated. We ﬁnd that the
alkali-free and NaF-PDT CIGSe surfaces both display the
well-known Cu-poor CIGSe chemical surface structure. The
NaF/KF-PDT, however, leads to the formation of bilayer
structure in which a KInSe species covers the CIGSe compound that in composition is identical to the chalcopyrite
structure of the alkali-free and NaF-PDT absorber.
KEYWORDS: chalcopyrite thin-ﬁlm solar cells, alkali postdeposition treatment, photoelectron spectroscopy, X-ray spectroscopy,
chemical surface structure
■ INTRODUCTION
A recent boost in record eﬃciencies for Cu(In,Ga)Se2
(CIGSe)-based solar cells (with eﬃciencies exceeding 22%1,2)
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was brought about using NaF and/or KF postdeposition
treatments (PDTs).3,4 It is well established that sodium
diﬀusion from the underlying soda lime glass substrate (or
the deliberate introduction of a Na-containing precursor5) is
necessary for good eﬃciencies.5−8 Furthermore, recent records
have been achieved with an additional incorporation of alkali
elements (such as, e.g., potassium) in the absorber by a
postdeposition treatment using alkali ﬂuorides.3,4 Even though
this breakthrough is closely related to providing potassium
during9 or after3,4 the absorber formation, the underlying
mechanism of its beneﬁcial role in modifying the chemical,
electronic, and/or topographical10 absorber properties has not
yet been fully understood.
It has been reported that a NaF/KF-PDT can result in a
“nanopatterned” CIGSe surface topography.11 In addition, it
impacts the chemical structure at the absorber surface, notably
causing copper and gallium depletion after the deposition of
K.4,11 The electronic structure of the surface is also inﬂuenced,
leading to an unprecedented band gap widening in the near-
surface (K-containing and Cu- and Ga-depleted) region, up to
2.52 (+0.14/-0.51) eV.11 As a result, it has been speculated that
a KInSe-type surface phase is formed.11−13
To study the chemical structure and derive insights into the
underlying mechanism for the signiﬁcant performance improve-
ment of the NaF/KF-PDT, we have used lab- and synchrotron-
based X-ray photoelectron spectroscopy (XPS) to determine
the surface composition (proﬁle) of an untreated (i.e., alkali-
free), a NaF-PDT, and a NaF/KF-PDT CIGSe absorber. To
further elucidate the speciﬁc chemical environment of
potassium and selenium, synchrotron-based X-ray emission
(XES), and X-ray absorption spectroscopy (XAS) were used to
provide element-speciﬁc information about the partial densities
of occupied and unoccupied states, respectively.
■ EXPERIMENTAL SECTION
The samples were prepared by Empa using a low-temperature
multistage process.4 CIGSe absorbers were deposited onto ﬂexible
polyimide foils coated with molybdenum. The as-prepared alkali-free
CIGSe absorbers were treated with a postdeposition treatment (PDT)
of NaF or NaF/KF according to ref 4. Similarly prepared solar cell
devices by Empa reached eﬃciencies of 18.7%14 and 20.4%.4 A K
InSe reference sample was prepared on a soda lime glass substrate
with a diﬀusion barrier and a Mo layer by evaporating an In2Se3 layer,
followed by coevaporation of KF and Se at a similar substrate
temperature as during PDT. However, the KF evaporation rate was
increased (4−8 nm/min) compared to the NaF/KF-PDT CIGSe
process (1−2 nm/min), with an accordingly adjusted Se ﬂux and the
duration was increased from 20 to 60 min. Excess KF was dissolved
with water, resulting in a ﬁnal K content of 13.7 at% in the indium
selenide precursor, as measured by inductively coupled plasma mass
spectrometry. This reference sample will be called “KF-PDT In2Se3”
hereafter. To prevent surface contamination and minimize air
exposure, all samples were sealed and packed in a N2-ﬁlled glovebag
attached to the deposition chamber at Empa, and opened in a N2-ﬁlled
glovebox attached to the ultrahigh vacuum (UHV) surface analysis
system at HZB. To remove alkali ﬂuoride residue from the surface of
the PDT samples, they were immersed in aqueous ammonia solution
(1 mol/L) for 1−2 min outside the glovebox and rinsed/stored in
deionized (DI) H2O until reintroduction into the glovebox via the
load lock chamber (in which they were vacuum-dried). The KF-PDT
In2Se3 sample was only washed in DI water. No further cleaning (e.g.,
by Ar+ sputtering) of the sample surface was performed before
measurements.
Lab-based XPS measurements were conducted using nonmono-
chromatized Mg Kα (1253.56 eV) and Al Kα (1486.58 eV) radiation
and a SPECS PHOIBOS 150 MCD-9 electron energy analyzer. The
base pressure of the analysis chamber was <3 × 10−10 mbar. The
electron energy analyzer was calibrated according to D. Briggs et al.15
For the collection of the (shallow) core levels and Auger lines, the pass
energy was set to 30 eV, resulting in a combined resolution for XPS
measurements of approximately 1 eV.
Synchrotron-based hard X-ray photoelectron spectroscopy
(HAXPES) experiments with excitation energies of 2, 6, and 8 keV
were conducted at the HiKE end-station16 (2 keV) on the KMC-1
beamline17 of the BESSY II electron storage ring, and at beamlines
BL15XU18,19 (6 keV) and BL47XU20 (8 keV) of the SPring-8 electron
storage ring. For the SPring-8 measurements, the samples were only
brieﬂy exposed to air (<5 min), while for the 2 keV measurements the
air exposure of the samples was signiﬁcantly longer (a few hours). For
the alkali-free CIGSe sample, we identiﬁed a minor Zn surface
contamination for 2 and 8 keV (see Supporting Information Figure S1,
center and bottom spectra) after storage in a diﬀerent UHV system.
The base pressure at the HiKE and BL47XU HAXPES end-stations
was <1 × 10−8 mbar, and better than 1 × 10−9 mbar at BL15XU; all
are equipped with a Scienta R4000 hemispherical electron energy
analyzer with similar setups for beamline and analyzer. The beamlines
are equipped with double crystal monochromators (DCMs), allowing
to tune the excitation energy between 2.0 and 10.0 keV at KMC-1, 2.2
and 36.0 keV at BL15XU, and between 5.2 and 37.7 keV at BL47XU.
A pass energy of 200 eV was used for all measurements, and the
excitation energy was calibrated by measuring multiple 4f spectra of a
grounded clean Au foil and setting the Au 4f7/2 binding energy equal to
84.00 eV.21 Spectra were recorded using photon energies of 2 keV at
BESSY II and of 6 and 8 keV at SPring-8 using the ﬁrst, third, and
fourth reﬂection order of the Si(111) DCM crystal, providing
combined analyzer plus beamline total energy resolution of
approximately 0.25 eV for all HAXPES spectra.
The relative composition of the samples was determined by ﬁtting
the XPS and HAXPES spectra of the respective shallow core levels
with Voigt proﬁles and a linear background, and by taking the
respective photoionization cross sections22,23 into account (see
description of Figure S2 for more details). Using diﬀerent excitation
energies will result in diﬀerent kinetic energies and thus diﬀerent
inelastic mean free paths (IMFPs) of the emitted photoelectrons,24
allowing to derive a “depth-dependent” composition.
Synchrotron-based soft X-ray emission (XES) and absorption
(XAS) spectroscopy were performed in the soft X-ray ﬂuorescence
(SXF) endstation25 of ALS beamline 8.0.1. The samples were
transferred into the chamber after only a short air-exposure. Photon
energies of 120 eV and a range of 280−306 eV were used for Se M4,5
XES and K L2,3 XAS measurements, respectively. The XES energy
scale was calibrated using elastically scattered photons in the range of
100−120 eV in second diﬀraction order of the spectrometer. XAS
spectra were recorded in the total ﬂuorescence yield mode using a
channeltron detector, and for excitation energy calibration, a C K
absorption spectrum of HOPG (highly oriented pyrolytic graphite)
was measured (see Figure S6).
■ RESULTS AND DISCUSSION
In order to derive a “depth-dependent” picture of the
composition of the diﬀerently treated CIGSe absorber surfaces,
and relate the them to the ﬁndings on the electronic structure
in ref. 11, we characterized the samples by photoelectron
spectroscopy using diﬀerent excitation energies (Mg Kα and 2,
6, and 8 keV). This results in a variation of the inelastic mean
free path (IMFP) of the photoelectrons from approximately 3
nm to a maximum of 12 nm for the shallow core levels.24 To
derive the sample surface composition at each photon energy,
we have exclusively used the intensity of the shallow core levels
Cu 3p, Se 3d, Ga 3d, In 4d, and K 3s. They have similarly low
binding energies and thus comparable high kinetic energies
(between 1180−1240 eV for Mg Kα, 1925−1990 eV for 2 keV,
5875−5940 eV for 6 keV, and 7865−7930 eV for 8 keV). This
allows us to neglect the impact of variations in IMFP and
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electron analyzer transmission for each data set. Furthermore,
for each excitation energy, the shallow core level peaks are
similarly attenuated by surface adsorbates. This is an important
consideration for the current data set, as oxygen and carbon are
detected on all investigated samples, even for the more bulk
sensitive (i.e., 6 and 8 keV) measurements, indicating a
pronounced contamination layer at the sample surfaces.
Furthermore, C and/or O incorporation into the absorber
bulk can also not be ruled out.
Figure 1 shows the Cu 3p (corrected by the In 4p
background, see Figure S5 for more details), Na 2s, Se 3d, K
3s, and Ga 3d/In 4d/K 3p core-level HAXPES spectra taken at
8 keV for all CIGSe samples. The individual photoemission
lines were ﬁtted simultaneously (see Figure S3 and ref 26 for
more details). All peaks can be ﬁtted reasonably well with one
species (note that the p and d lines are composed of a doublet),
except for the Se 3d and In 4d spectra for the NaF/KF-PDT
CIGSe sample. For these photoemission lines, (at least) two
contributions (a and b) were needed for a satisfactory
description.
As expected, potassium (K 3s and K 3p) is only seen on the
NaF/KF-PDT CIGSe sample. Conversely, appreciable Ga 3d
lines are only detected on the alkali-free and NaF-PDT CIGSe
samples. However, note that the most prominent Ga core level
(Ga 2p) can also be identiﬁed and signiﬁcantly increases with
photon energy (i.e., with decreasing surface sensitivity) for the
Figure 1. HAXPES data of alkali-free (bottom), NaF-PDT (center), and NaF/KF-PDT (top) CIGSe samples, recorded with an excitation energy of
hν = 8 keV: Cu 3p (a), Na 2s (b), Se 3d (c), K 3s (d), and Ga 3d/In 4d/K 3p (e). The respective ﬁts with Voigt proﬁles (doublets) and the residuals
of the ﬁts are also displayed. All spectra are displayed area-normalized to the Se 3d peak area and shown with the respective linear background
subtracted. For better visibility, the Cu 3p and Na 2s spectra are magniﬁed by a factor of ×2 and ×10, respectively.
Figure 2. (a) (Cu+K)/(Cu+In+Ga+Se+K) ratios of diﬀerently treated Cu(In,Ga)Se2 (CIGSe) absorbers, taken with Mg Kα and 2, 6, and 8 keV
excitation (resulting in IMFPs of 3, 4, 10, and 12 nm).24 Black: alkali-free CIGSe; Red: NaF postdeposition treatment (PDT) CIGSe; Blue: NaF/
KF-PDT CIGSe. For reference, the composition of a KF-PDT In2Se3 (gray) sample is also shown. (b) Individual Cu/(Cu+Ina+b+Ga+Sea+b+K) and
K/(Cu+Ina+b+Ga+Sea+b+K) ratios (short dashed blue lines, ﬁlled symbol), as well as Cu/(Cu+Inb+Ga+Seb) and K/(K+Ina+Sea) ratios (long dashed
blue lines, open symbols) for the NaF/KF-PDT CIGSe sample. Ina & Sea and Inb & Seb represent the spectral contributions ascribed to a KInSe
species and the chalcopyrite absorber, respectively (see Figure 1). The most common nominal CIGSe-related stoichiometries ([Cu+K]:[In+Ga]:
[Se] = 1:1:2, 1:3:5, and 1:5:8) are depicted in green. A general error margin of ±0.05 eV for Mg Kα and 2 keV, and ±0.075 eV for 6 and 8 keV, is
assumed.
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NaF/KF-PDT CIGSe sample (see Figure S1). Nevertheless, we
tentatively attribute the second contribution to the Se 3d and In
4d photoemission lines at low binding energies (Sea 3d5/2:
53.54 eV; Ina 4d5/2: 17.53 eV) to a KInSe surface species.
This attribution naturally implies that the high binding energy
contributions (Seb 3d5/2: 54.15 eV; Inb 4d5/2: 17.83 eV)
represent the chalcopyrite absorber; the binding energies of
these components are in agreement with the equivalent binding
energies in the alkali-free (Se 3d5/2: 54.02 eV; In 4d5/2: 17.72
eV) and NaF-PDT (Se 3d5/2: 54.03 eV; In 4d5/2: 17.75 eV)
case. Note that the experimental uncertainty for all stated
binding energies is (±0.10) eV.
From the ﬁts of the photoemission data (see Figure 1,
Figures S1 and S4, and ref 26 for all of the data and more
analysis details), we can derive relative Cu/(Cu+In+Ga+Se)
ratios for the alkali-free and NaF-PDT CIGSe samples, and a
respective (Cu+K)/(Cu+K+Ina+b+Ga+Sea+b) ratio for NaF/
KF-PDT CIGSe, which represents partial occupation of Cu by
K,27 as a function of employed excitation energy (and thus as a
function of IMFP). The subscripts “a” and “b” refer to the K
InSe and CIGSe components in the In 4d and Se 3d
photoemission lines of the NaF/KF-PDT CIGSe sample,
respectively. The results are displayed in Figure 2. The signal
intensity is related to the relative quantity of the respective
element in the probed sample volume, weighted exponentially
according to the IMFP. As such, for materials with an uniform
composition throughout the investigated volume, the obtained
composition results reﬂect the true (uniform) composition. For
a nonuniform material, the values will additionally be
inﬂuenced by the depth-dependence of the composition. By
employing a broad range of photon energies, this additional
inﬂuence can be exploited. Note that the error margin indicated
in Figure 2 is dominated by the uncertainty of the
photoionization cross section correction and thus represents
the absolute uncertainty of the quantiﬁcation of the photo-
emission data. In the following, we will discuss relative changes,
for which the uncertainty is signiﬁcantly lower.
We assume that the C and O contaminants mainly reside on
the surface, and thus do not include them in the compositional
analysis. Additionally, Na is neglected from further analysis, as
the amount of Na found for the NaF-PDT CIGSe is low
compared to the K concentration observed for the NaF/KF-
PDT CIGSe sample (less than 10% for the 8 keV measure-
ments). The (Cu)/(Cu+In+Ga+Se) ratios of the alkali-free and
NaF-treated CIGSe are very similar, suggesting that the Zn
contamination observed for the alkali-free CIGSe sample (see
discussion above and Figure S1) does not have a large inﬂuence
on the determined ratios. Compared to the nominal bulk
stoichiometry of Cu:(In+Ga):Se = 1:1:2, the ratios that
represent the most surface-sensitive measurements in Figure
2a (and in Figure S5) for both absorber samples are consistent
with Cu-poor chalcopyrite structures (having a surface
stoichiometry of 1:3:5 or 1:5:8). Such Cu-deﬁcient surfaces
have been reported for high-eﬃciency chalcopyrites before,28,29
and have been attributed to the formation of ordered defect/
vacancy surface compounds30,31 or surface reconstruction.32
The more bulk-sensitive 8 keV data shows an increasing Cu
content, conﬁrming that the Cu-deﬁciency is most pronounced
at the absorber surface.
The surface of the NaF/KF-treated CIGSe has signiﬁcantly
less Cu than the alkali-free or NaF-PDT CIGSe samples, as was
reported in refs 4 and 11. However, the Cu signal becomes
signiﬁcant in the 8 keV HAXPES (IMFP of approximately 12
nm) data of this sample (see Figure 1a), suggesting that deeper
beneath the surface, the derived Cu content approaches that
observed at the surfaces (i.e., within the ﬁrst few nm) of the
alkali-free and NaF-PDT CIGSe samples (see Mg Kα and 2 keV
data, see Figure 2). Furthermore, a signiﬁcant amount of K is
found on the NaF/KF-PDT CIGSe surface (see Figure 1d, and
refs 4 and 11), as indicated by the respective K/(Cu+Ina+b+Ga
+Sea+b+K) proﬁle in Figure 2b. The trend in K content is
mainly opposite to that of the Cu content [see Cu/(Cu
+Ina+b+Ga+Sea+b+K)], i.e., the concentration decreases with
increasing bulk sensitivity. On the basis of DFT calculations,
Ghorbani et al. suggest that K preferentially occupies Cu
vacancies in a Cu-poor CIGSe material.27 This model correlates
well with the previous ﬁnding that the electronic surface
structure of this set of NaF/KF-PDT CIGSe absorbers11 is in
agreement with the formation of a KInSe surface
compound. In Figure 2a), we therefore include a curve (blue,
ﬁlled squared symbols) showing the composition of an assumed
(Cu,K)-(In,Ga)-Se [i.e., (Cu+K)/(Cu+Ina+b+Ga+Sea+b+K)]
species, in which K occupies a certain number of Cu vacancies.
Note that for the NaF/KF-PDT sample only a neglible amount
of Ga is found at the very surface (see Figure S1 top and center;
a signiﬁcant amount of Ga is only found in the 8 keV data, see
Figure S1). When the Cu and K contributions are combined in
this way, the composition tends away from the Cu-poor
structures and toward the stoichiometric 1:1:2 composition.
This stoichiometry is also conﬁrmed by the Se content shown
in Figure S5b, blue ﬁlled squares. However, the (In+Ga)
amount rather indicates a higher composition ratio compared
to the 1:1:2 stoichiometry (see Figure S5a, blue ﬁlled symbols).
Note that these conclusions could be impacted by the large
experimental uncertainty.
As a reference, we also studied an In2Se3 thin ﬁlm that was
subjected to a KF-PDT (note that no combined NaF/KF-PDT
was performed in this case). The corresponding K/(K
+Ina+b+Sea+b) ratio is depicted in Figure 2a. The derived
potassium amount is lower than what is expected for a
stoichiometric KInSe2. Thus, the formation of a KInSe2−In2Se3
mixture and/or a K-deﬁcient KInSe species is proposed.
The K/(Cu+Ina+b+Ga+Sea+b+K) ratio (Figure 2b, blue solid
stars) of the NaF/KF-PDT CIGSe sample appears to follow a
similar trend but isdespite agreeing within the experimental
uncertaintyhigher for all excitation energies, possibly as a
result of the diﬀerent PDT parameters. The K/(K+Ina+Sea)
ratio for the NaF/KF-PDT sample (blue open stars in Figure
2b) tends to a more stoichiometric KInSe2 species, but also
agrees with a proposed K-deﬁcient KInSe species for the 8
keV data. Note that the Cu/(Cu+Inb+Ga+Seb) ratio of the
NaF/KF-PDT CIGSe sample (Figure 2b, blue open dots) is
similar to that of the potassium-free absorbers (black and red
squares in Figure 2a). However, there is less agreement
between the (In+Ga)/(Cu+Inb+Ga+Seb) and Se/(Cu+Inb+Ga
+Seb) ratios of the NaF/KF-PDT CIGSe sample (see S.I.
Figure S5, blue open dots) and those of the alkali-free absorbers
(see S.I. Figure S5, black and red squares). They only agree
within the large experimental uncertainty. As discussed above,
the values in Figure 2 arise from an integration of the
composition of the investigated volume. However, the Cu-
composition clearly depends on the IMFP (e.g., the surface of
the NaF/KF-PDT CIGSe is nearly Cu free, as shown by the
blue ﬁlled dots in Figure 2b), which directly indicates a
nonuniform composition proﬁle. This may be related to the
nanopatterned surface of the sample (reported in ref 10 and
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also observed in the current study), or may also indicate a
composition gradient or bilayer structure. On the basis of our
data alone, a distinction between these scenarios is very
challenging. Furthermore, we note the uncertainty in
determining the corresponding photoionization cross sections
(see Figure S2).
To more directly examine the chemical speciation of the
surfaces of the alkali-free, NaF-PDT, and NaF/KF-PDT CIGSe
samples, the modiﬁed Auger parameter (α′) of selenium α′(Se)
= EbSe 3d5/2 + E
k
Se LMM and indium α′(In) = EbIn 3d5/2 + EkIn MNN
were calculated. The values for binding energy (Eb), Auger
kinetic energy (Ek), and α′ are shown in Figure 3 (the values
used in the calculations can be found in Table S1).
Independent of variations in doping concentration, (surface)
band bending, and sample charging, chemically similar
environments of the respective elements have the same
modiﬁed Auger parameter α′ and are located along diagonals
within the Wagner-plot. The shaded boxes indicate the extent
of binding and Auger kinetic energies for reference compounds
reported in literature33−42 and thus represent the largest
possible spread of modiﬁed Auger parameters.
For the alkali-free (black) and the NaF-PDT (red) CIGSe, α′
is very similar for both In and Se (i.e., the data can be found
close to the same diagonal lines) suggestingas did the
composition analysis abovethat the chemical composition of
their surfaces is similar. For the NaF/KF-PDT CIGSe (blue),
the derived value for α′(Se) is slightly lower than for the alkali-
free and NaF-PDT CIGSe; the overall variation in α′(Se) is,
however, rather small, as expected for a sample set of
selenides.37The α′(In) value of the NaF/KF-PDT CIGSe is
similar to that of the KF-PDT In2Se3 sample (gray), conﬁrming
a similar chemical structure for these two samplesagain in
agreement with the analysis above.
For computing the modiﬁed Auger parameter α′ (ﬁlled
symbols), the laboratory-based XPS (Mg Kα and Al Kα, see
Figure S4 [top panels]) data were used, in whichin contrast
to the synchrotron data in Figure 1 and Figure S4 (bottom
panels)only one species for Se and In can be resolved for all
samples. In order to also make use of the higher resolved
HAXPES data, Figure 3 also includes data points (open
symbols) that combine the 2 keV deduced Eb data with the
respective Auger Mg Kα/Al Kα kinetic energy data. Note that
for the thus-derived “approximated modiﬁed Auger parameters”
two completely independent energy scales (the HAXPES Eb
scale of the core levels and the XPS Ek scale of the Auger lines)
are connected and thus are no longer inherently independent of
variations in doping concentration, surface band bending, and/
or charging. The KInSe surface species (Ina and Sea)
located at lower binding energy has approximately the same
α′(In) and α′(Se) for NaF/KF-PDT CIGSe (blue open squares
in Figure 3) and KF-PDT In2Se3 (gray open squares in Figure
3). The CIGSe-species (Inb and Seb) for the NaF/KF-PDT
sample located at higher binding energy is similar to α′(In) and
α′(Se) of the alkali-free and NaF-PDT CIGSe. The InSe
species (Inb and Seb) for KF-PDT In2Se3 is shifted further to
higher binding energies and toward an α′(In) representing an
In2Se3 environment. However, note that there is signiﬁcant
deviation in binding and Auger kinetic energy compared to the
reported values in literature, possibly caused by a diﬀerent
position of the Fermi level within the band gap due to
(thickness dependent43) diﬀerences in optoelectronic proper-
ties.
The potassium and carbon Auger lines overlap, and thus
deriving a meaningful modiﬁed Auger parameter for potassium
is almost impossible. Hence, we carried out K L2,3 XAS
measurements (displayed in Figure 4) to probe the chemical
environment of potassium in more detail. The nearby C K-edge
XAS signal also contributes a signiﬁcant background intensity
for the potassium XAS measurements, but there are no
prominent carbon-related peak structures in this region (see
Figure S6). The C K-edge XAS spectrum of a highly order
pyrolytic graphite (HOPG) sample was used for energy
calibration and background consideration. The K L2,3 XAS
spectrum of the NaF/KF-PDT CIGSe sample is compared to
that of the KF-PDT In2Se3 and a KF powder reference sample.
As expected, no K L2,3 absorption edge is observed for the NaF-
PDT sample (see Figure S6).
The K L2,3 XAS spectrum of the NaF/KF-PDT CIGSe
sample resembles that of the KF-PDT In2Se3 reference, and
both signiﬁcantly diﬀer from the spectrum of the KF-powder
reference. The latter exhibits four sharp peaks (as found for all
potassium halides44,45), split into two pairs (I, II and I′, II′).
The splitting between L2 and L3, i.e., I and I′ as well as II and
II′, is due to the spin−orbit splitting of the 2p states, while the
splitting between I and II (as well as I′ and II′) is due to crystal
ﬁeld eﬀects.44−46 The absence of the distinct features (I, II and
I′, II′) from the spectra of NaF/KF-PDT CIGSe and KF-PDT
Figure 3. Wagner plots of the modiﬁed Auger parameter α′ =
Ebcore+E
k
Auger for selenium (a) and indium (b), as derived for the alkali-
free, NaF-PDT, NaF/KF-PDT CIGSe samples, and the KF-PDT
In2Se3 reference. The ﬁlled symbols indicate measurements taken with
Mg Kα and Al Kα excitation, while the open symbols are based on the
2 keV data for In 3d5/2 and Se 3d5/2 and the Auger kinetic energy
derived with Mg Kα and Al Kα. The error margin is ±0.1 eV for Mg Kα
and Al Kα in x- and y-direction, as well as ±0.1 eV in x and ±0.2 eV in
y-direction for the 2 keV data points.
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In2Se3 indicates that there is little (if any) unreacted KF present
after the PDT and rinsing procedures, as already suggested by
ref 47. However, from the spectral resemblance of the K L2,3
XAS spectrum of the NaF/KF-PDT CIGSe sample and the KF-
PDT In2Se3 sample alone, it cannot unambiguously be
concluded that the potassium is in a similar chemical
environment, since both spectra also resemble K L2,3 XAS
data of K/GaAs48 and K/Si.49,50
Hence, to further analyze the formation of a KInSe
surface species, we directly examine the impact of the diﬀerent
PDTs on the local electronic structure near the Se atoms
(including the hybridization of Se- and alkali-derived valence
states) using Se M4,5 XES (Figure 5). This emission line gives
information about the local partial density of occupied states
(PDOS) as projected onto the Se 3d core hole. The spectra of
the alkali-free (black) and the NaF-PDT CIGSe (red)
absorbers in Figure 5a are eﬀectively identical, indicating that
there is no diﬀerence in the chemical environment of selenium
in these samples (in agreement with our α′(Se)-related
discussion above). The two K-containing samples, however,
diﬀer clearly from those without potassium, most clearly in the
presence of an additional emission feature centered around 50
eV. The spectrum of a (powder) In2Se3 reference sample is also
shown for comparison; it clearly deviates in shape from the
spectra of the CIGSe absorbers as well as from that of the KF-
PDT In2Se3 sample.
Figure 5b compares the spectral shape of the Se M4,5 XES for
the NaF/KF-PDT CIGSe sample with those of the reference
samples in order to understand the chemical structure in more
detail. As seen in the ﬁgure, the spectrum for NaF/KF-PDT
CIGSe sample is reproduced by a simple two-component ﬁt
with the spectra of the NaF-PDT CIGSe and the KF-PDT
In2Se3 samples. The ﬁt results in a weight distribution of 0.5/
0.5 for the two components. Note that no contribution from
the In2Se3 powder reference sample is needed to reproduce the
spectrum of NaF/KF-PDT CIGSe sample (see Figure S8). This
result indicates the formation of a KInSe surface species
on the NaF/KF-PDT CIGSe sample. The element-speciﬁc
PDOS information obtained from the Se M4,5 XES shown in
Figure 5c is complementary to valence band photoemission
taken from ref 11, as becomes apparent by direct comparison
with “artiﬁcial HAXPES-derived XES spectra” displayed in
Figure 5d. These spectra were derived by a superposition of
two corresponding 8 keV photoemission valence band spectra,
been oﬀset by the Se 3d3/2 and 3d5/2 doublet separation of 0.83
Figure 4. Potassium L2,3 X-ray absorption spectra, measured in total
ﬂuorescence yield (TFY) mode, of the NaF/KF-PDT CIGSe sample
(blue), in comparison to the KF-PDT In2Se3 reference (gray) and a
KF powder reference (green).
Figure 5. (a) Se M4,5 XES spectra of the diﬀerent Cu(In,Ga)Se2 absorbers, compared to those of KF-PDT In2Se3 and In2Se3 (powder) reference
samples. In (b), the Se M4,5 XES spectrum of the NaF/KF-PDT CIGSe absorber (dotted blue) is represented by a spectral sum of 0.5 × NaF-PDT
CIGSe (red) + 0.5 × KF-PDT In2Se3 (gray), resulting in the green spectrum. The diﬀerence between data and sum (residual) is also shown. (c) Se
M4,5 emission of the NaF-PDT and NaF/KF-PDT CIGSe samples, compared to (d) the corresponding “artiﬁcial HAXPES-derived XES spectra”
(see Figure S7 for more information).
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eV51 and scaled according to the multiplicity (2j+1) (see Figure
S7 for more information). The energy scales of the photo-
emission and X-ray emission measurements are roughly aligned
according to the shift between the binding energy of the
valence band and the Se 3d core level component Seb of the
NaF/KF-PDT sample. The 8 keV data (IMFP 12 nm24) and
the Se M4,5 XES (eﬀective attenuation length 13 nm
52 for
CuInSe2 and KInSe2) data feature similar depth sensitivity, and
are, moreover, least aﬀected by surface eﬀects that could impact
this approach. The exact shapes of the HAXPES and XES
spectra are not expected to be identical due to the diﬀerent
measurement processes involved (e.g., diﬀerent initial and ﬁnal
states); both types of spectra are related to occupied valence
band states, but the relative intensities of the various features
are inﬂuenced by photoionization cross sections and dipole
transition matrix elements. Our comparison therefore focuses
on associating the most prominent spectral features (labeled
according to ref 11: I′, II′, III′, and V′) with particular
electronic states. Note, however, that in contrast to ref 11, here
we use ΔSO = 0.83 eV to indicate corresponding spectral
regions (instead of a particular Eb). Furthermore, in ref 11, an
additional feature IV was attributed to In s/Ga s states53 that
are located at around 7 eV binding energy (roughly
corresponding to 46 eV on the emission energy scale, i.e.,
outside of the measured energy window) and are therefore not
displayed in Figure 5c,d.
For the NaF-PDT CIGSe samples, the low binding energy
shoulder around I′ (antibonding hybridized Se p−Cu d states,53
indicated by an arrow) is signiﬁcantly less pronounced in the
(element-speciﬁc) Se M4,5 X-ray emission (Figure 5c) than in
the photoemission spectra (Figure 5d). This is due to its
primarily Cu 3d character, which leads to a low transition
probability for the Se M4,5 XES. As already proposed in ref. 11,
feature II′ can be ascribed to nonbonding Se p states,53 and III′
to bonding hybridized Se p−Cu d states.53 Comparing the
spectra for the NaF/KF-PDT CIGSe samples, we can observe a
common feature V′ at a binding energy of ∼3 eV that we
previously attributed to K 4s derived states.11 In the XES
spectra, the presence of this feature (at ∼50 eV emission
energy) is the most signiﬁcant diﬀerence between the NaF/KF-
PDT CIGSe and the other samples. As described above, the
XES and HAXPES energy axes were aligned using the binding
energy of the Se 3d5/2 component Seb of the NaF/KF-PDT
sample (that has a similar binding energy as the corresponding
Se component of the alkali-free and NaF-PDT CIGSe). The K
4s-derived ﬂuorescence feature in the emission spectrum is,
however, related to the Sea species, and therefore its position in
the spectrum is shifted by 0.6 eVthe diﬀerence in Se 3d
binding energies of Sea and Seb (see Figure 1b and Table S2).
The presence of this K-related peak in the Se M4,5 XES
indicates a hybridization between the K and Se states, providing
a conﬁrmation of the formation of KSe bonds and therefore
of the incorporation of K into the CIGSe structure. This, in
turn, strengthens the suggestion of “the formation of a material
containing mainly K, In, and Se” in ref 47.
■ CONCLUSIONS
We have used quantitative depth-dependent photoelectron
spectroscopy, soft X-ray absorption spectroscopy, and soft X-
ray emission spectroscopy to study the impact of diﬀerent alkali
postdeposition treatments (PDT) on the near-surface chemical
structures of Cu(In,Ga)Se2 (CIGSe) absorbers grown by low-
temperature coevaporation. After immersion in aqueous
ammonia, we ﬁnd that the chemical composition of the
alkali-free and NaF-PDT CIGSe samples are very similar and
indicative of a Cu-poor CIGSe surface structure. In contrast,
the core level photoemission spectra and modiﬁed Auger
parameters of the NaF/KF-PDT CIGSe sample indicate the
presence of two distinct compounds, which we ascribe to a K-
containing and a K-free species. The composition of the K-free
species was determined to be the same as the Cu-poor
chalcopyrite surface structure of the alkali-free and NaF-PDT
CIGSe absorbers. We identify the K-containing compound as a
KInSe surface species. This is conﬁrmed by the Se M4,5 X-
ray emission measurements, which give direct evidence for the
formation of SeK bonds in the NaF/KF-PDT CIGSe sample.
The observed decreasing K and increasing Cu+Ga content of
the NaF/KF-PDT CIGSe with increasing bulk sensitivity of the
measurement, the similarity of the Cu/(Cu+Inb+Ga+Seb) ratio
of its primary (K-free) bulk phase to that of the alkali-free and
NaF-PDT CIGSe sample, and the identiﬁcation of two distinct
Se and In species for the NaF/KF-PDT CIGSe sample, provide
evidence for the formation of a KInSe/chalcopyrite bilayer
structure as suggested in refs 10 and 11.
The presence of a KInSe surface phase on top of the
CIGSe absorber results in a completely modiﬁed electronic
surface structure.11 Considering the chemical processes (e.g.,
complex formation) that take place in a chemical bath (i.e., the
standard deposition method for the CdS buﬀer), it can be
expected that this modiﬁed surface structure will also inﬂuence
the formation of the buﬀer/absorber layer interface. In
connection with the enhanced eﬃciency of corresponding
solar cell devices, this modiﬁed (prospective) interface is
interpreted to act as a passivation layer, reducing charge carrier
recombination losses at the interface between CdS and CIGSe.
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